In Brief
INTRODUCTION
The actin cytoskeleton plays numerous vital roles in innate and adaptive immune responses and, as such, represents a common and attractive target for microbial toxins. Despite the numerous toxins that target the actin cytoskeleton, few of them modify actin molecules directly [1] . Due to the efficiency of immune barriers [2] , delivery of protein toxins to host cells is heavily suppressed, which applies a strong evolutionary pressure on toxin efficiency. Toxicity amplification is often achieved by targeting essential, low abundant host proteins in signaling or neurotransmission cascades [3] [4] [5] [6] , whereas actin, a highly abundant structural protein, is a rare exception to this rule. The actin cross-linking domain (ACD), produced by gram-negative Vibrio, Aeromonas, and other species, is one of the toxins that utilize actin monomers as a substrate [7] . ACD is delivered to the host cytoplasm as one of several effectors of the multifunctional auto-processing repeats-in-toxin (MARTX) toxins [8] or as a single effector domain fused to valine-glycine repeat protein G1 (VgrG1) toxin of the type VI secretion system [9] . Once inside a host cell, ACD catalyzes the covalent cross-linking of actin monomers into various-length oligomers through a formation of amide bonds between the side chains of lysine-50 and glutamate-270 [10, 11] .
The oligomers fail to polymerize, and their bulk accumulation eventually leads to cell rounding [12] . However, to be effective, (legend continued on next page) this toxicity mechanism would require high doses of the toxin, reducing its value for the micro-organisms. Instead, an unusual ''gain-of-function'' mechanism of toxicity amplification was recently proposed whereby the actin oligomers, while showing negligible effects on spontaneous actin dynamics, act as potent secondary toxins that bind to and directly inhibit formins [13] . Formins function as homodimers that nucleate actin filaments and accelerate elongation of filament barbed ends while also protecting them from the inhibitory activity of capping proteins [14] . Formins contain conserved formin-homology domains 1 and 2 (FH1 and FH2) capable of simultaneously interacting with actin filament ends and several actin-profilin complexes. Recently, we demonstrated that, by providing a multivalent platform for high-affinity interaction with FH1 and FH2 domains, the ACD-cross-linked actin oligomers potently block nucleation and elongation activities of formins in vitro, which correlated with a distortion of the host cytoskeleton in living cells [13] . Notably, a diverse pool of actin-organizing proteins involved in nucleation, elongation, severing, branching, and bundling of actin filaments contain G-actin-binding Wiskott-Aldrich syndrome homology 2 (WH2) motifs [15] that are arranged in tandem or closely positioned upon functional oligomerization, i.e., they share the property targeted by the ACD-cross-linked oligomers in case of formins. We employed single-molecule speckle (SiMS) live-cell microscopy to demonstrate that low doses of the oligomers effectively shut down the dynamics of formins and several families of WH2-containing proteins. Specifically, the oligomers strongly inhibit the dynamics of mDia1, Ena/vasodilator-stimulated phosphoprotein (VASP), Spire, and the Arp2/3 complex nucleation-promoting factors (NPFs) in lamellipodia and filopodia, leading to disorganization of adhesion contacts and arrest of actin dynamics at the leading edge of affected cells. Total internal reflection fluorescence microscopy (TIRFM), bulk actin polymerization assays, and modeling of actin polymerization with sets of ordinary differential equations supported the experimental data and revealed additional details on the proposed mechanisms of oligomer-induced inhibition of the Arp2/3 complex, Ena/VASP, and Spire. Therefore, we report that ACD converts actin into toxic covalent oligomers that are universally poisonous toward numerous tandem and oligomeric actin organizers.
RESULTS

Actin Retrograde Flow Is Arrested by Low Doses of the Oligomers
In intestinal epithelial monolayers, ACD toxicity leads to a prominent loss of epithelial integrity due to cytoskeleton distortions when only 2%-6% of actin is cross-linked into oligomers [13] . We employed SiMS to reveal the nature of these distortions by monitoring dynamics of actin and actin-binding proteins in living cells. To this end, ACD was transported to the cytoplasm of Xenopus laevis XTC fibroblasts via the anthrax-toxin-based delivery pathway [12] . Within 30 min of toxin addition, when <1% of actin was cross-linked to the oligomers ( Figures 1A and 1B) , the actin retrograde flow rate was inhibited from 47 to 33 nm/s ( Figure 1F ). The flow was completely halted by 45 min (Figures 1C-1G ; Video S1), when only $2% of actin was cross-linked. This was in striking contrast with unperturbed actin dynamics in cells treated with a catalytically inactive mutant of ACD ( Figures  1C-1G ; Video S1). Of note, the cell edge was not retracted at these early stages and the characteristic cell rounding [12, 16] occurred at later stages of ACD toxicity ( Figures 1A and 1B) . Although originally the potent disruption of actin functions by the ACD cross-linked actin oligomers was attributed to their high-affinity multivalent interactions with formins [13], actin retrograde flow is largely controlled by NPFs and the Arp2/3 complex, suggesting that these factors may also be affected by ACD.
Retrograde Flow of the Arp2/3 Complex Is Inhibited by ACD in Live Cells Similar to the retrograde flow of EGFP-actin ( Figure 1 ; Video S1), the retrograde flow of the Arp2/3 complex was notably hindered at 45 min and ceased after 60 min of treatment with ACD, as monitored by fluorescence of the EGFP-p40 subunit of the complex (Figures 2A-2C ; Video S2). In accordance with previous observations [17], EGFP-WASP-family verprolin-homologous protein (WAVE), a representative type I NPF ( Figure 2D ), was localized to filopodia tips and moved along the lamellipodia edge (Video S3). Upon ACD treatment, its dynamics at the membrane, as well as the overall dynamics of the leading edge, were completely suppressed within 60 min, as judged by a lack of membrane deformations (Figures 2E and 2F ; Video S3).
Actin Oligomers Bind to N-WASP-VCA with High Affinity and Inhibit Nucleation by the N-WASP-VCA-Activated Arp2/3 Complex In Vitro To test whether oligomers can bind to the Arp2/3 complex or its activators, we focused on the verprolin, cofilin, acidic domain of WASP protein (VCA) region of N-Wiskott-Aldrich syndrome protein (WASP), another type I NPF. Because the active form of neural Wiskott-Aldrich syndrome protein (N-WASP) is a dimer [18] , an artificially dimerized glutathione S-transferase (GST)-VCA construct was used ( Figure 2G ). Electrophoretic mobility shifts on native polyacrylamide gel revealed interaction of the oligomers with GST-N-WASP-VCA in the presence and absence of the Arp2/3 complex, but not with the Arp2/3 complex alone ( Figure 2H ). Furthermore, the affinity of fluorescein-labeled N-WASP-VCA ( Figure 2I ) to the oligomers was found to be more than 200 times higher than to G-actin (dissociation constant [K d ] = 8 nM and 1.8 mM, respectively; Figure 2I ), in agreement with the proposed role of multivalent interactions in the oligomers' toxicity. Accordingly, the oligomers strongly inhibited branching of actin filaments in the presence of GST-N-WASP-VCA-activated Arp2/3 complex (Figures 2J and 2K ; Video S4), but neither (E-G) Movement of individual EGFP-actin speckles from the time-lapse images represented as histogram distributions of the velocities of moving speckles (E) calculated based on 100-300 displacement events, a boxplot of velocities (F) calculated from individual speckle tracks (n = 10; median velocities of actin speckles with SDs are indicated), and representative individual speckle tracks (displacement versus time) plotted for the indicated ACD-treatment periods (G). Stationary speckles were not analyzed in (E) and (G). See also Video S1. (legend continued on next page) affected elongation of the existing barbed ends or caused dissociation of the existing branches ( Figure 2L ) in TIRFM experiments. Although actin oligomers have negligible effect on spontaneous actin polymerization [13], they potently inhibited the nucleation by the GST-N-WASP-VCA-activated Arp2/3 complex in bulk pyrene-actin polymerization assays ( Figures 2M-2O) . Notably, the observed inhibition was over two-fold more potent in the absence of profilin than in its presence ( app K d = 9.8 nM and 23 nM, respectively), likely reflecting a preferable interaction of N-WASP with free actin leading to channeling of actin-profilin complexes toward formins [19] . Mathematical modeling (see STAR Methods) of Arp2/3-mediated polymerization in the presence of the oligomers ( Figure S1A ) demonstrated good fits to the experimental data ( Figure 2M ) with an affinity of the oligomers for the Arp2/3-VCA complex slightly higher than the apparent K d (compare measured app K d = 9.8 nM in the absence of profilin with the model's K d = 2 nM).
Directional Movement of mDia1 Formin in Live Cells Is Stalled at Early Points of ACD Treatment
Unlike that of the Arp2/3 complex, formins' dynamics is not directly associated with the retrograde flow. The unique role of formins in cell membrane dynamics and cell junction maintenance was reflected in the epithelial barrier leakage observed upon cytoplasmic delivery of ACD, which was similar to that caused by a small-molecule inhibitor of formins (SMIFH2) and correlated with potent inhibition by the oligomers of several human formins in vitro [13] . Yet the effects of ACD on formin dynamics in live cells were not investigated. We explored formin dynamics in XTC cells by following the fluorescence of a fusion construct of EGFP with a constitutively active mutant of mouse formin mDia1, EGFP-mDia1DN3 ( Figure 3 ; Video S5). In the control experiments (and at early time points of 0-15 min of active ACD treatment), formins moved with a median velocity of $1.7 mm/s ( Figures 3D and 3E ), characteristic for formin-accelerated barbed end elongation and similar to the previously reported value of 2 mm/s for this construct in XTC cells [20] . A statistically significant reduction in the fraction of moving EGFPmDia1DN3 molecules was observed as early as 15 min after the addition of ACD ( Figure 3C ). At the 30-min time point, the fraction of moving speckles was further reduced along with the lengths of individual tracks and the velocities of moving speckles (Figures 3C-3G ; Video S5), whereas the complete halt of all speckles was observed at 45 min, when cross-linked actin dimers constituted <2% of total actin ( Figure 1B ). Figure 4A ), an ability that is further enhanced by their tetrameric organization. In XTC cells, EGFP-VASP is highly enriched at the cell membrane, at the tips and body of filopodia, and in adhesion contacts ( Figure 4B ; Video S6). However, its association with the filaments is either too abundant (as in adhesion contacts) or very transient (as in lamellipodia) for recording velocities of individual speckles, in agreement with a previous report [22] . Addition of active ACD strongly inhibited overall dynamics of lamellipodia and abolished the formation of filopodia in as early as 30 min ( Figures 4B  and 4C ). VASP association with the membrane appeared to be strengthened by the toxin, possibly reflecting its tightened association with filament ends (Video S6). Simultaneously, co-localization of VASP clusters with the focal adhesions (revealed by anti-paxillin staining) and the ends of stress fibers was disrupted: both VASP and paxillin were dispersed into smaller foci, only poorly overlapping with the stress fibers ( Figure 4D ). Figure S1B ) and comparable to those for formins [13] , suggesting that the two classes of molecules can be inhibited with similar efficiencies. When added after the initiation of Ena-assisted polymerization, the oligomers caused a very similar inhibition ( Figures  4M-4O ), suggesting their strong binding to filament-associated Ena. This observation is further corroborated by the TIRFM and bulk polymerization findings that saturating concentrations of the oligomers inhibited actin polymerization well below its spontaneous levels, suggesting that the complexes of EnaDL with the oligomers function as potent capping proteins tightly associated with filament barbed ends. At high oligomer concentrations (>75 nM), a reversal of the inhibition was observed, which could be modeled by (1) oversaturation of free Ena by oligomers, inhibiting its association with barbed ends, and (2) incorporation of the oligomers into polymerizing filaments, leading to increased fragility and severing [13] .
Oligomers Inhibit Spire-Mediated Actin Nucleation
In addition to NPFs and Ena/VASP, tandem WH2 domains are found in a distinct family of actin nucleators that include Spire, Cobl, and several bacterial toxins [15] . The N-terminal fragment of Spire, Nt-Spire ( Figure 5A ), which retains the nucleation activity of the full-length protein [24] , binds to the oligomers as revealed by native electrophoresis ( Figure 5B ). Higher-order oligomers were depleted by low concentration of Spire, suggesting their higher affinity to the nucleator. Data from TIRFM and bulk actin polymerization assays converged to similar inhibition efficiencies in a nanomolar range ( app K d values of 6.3 and 14.4 nM), suggesting multivalent high-affinity interactions between Spire and the oligomers ( Figures 5C-5F ). In bulk polymerization assays, high doses of the oligomers caused acceleration of polymerization, in agreement with the previously proposed and modeled mechanism of increased filament fragility upon infrequent inclusion of the oligomers into the filament [13] . As with other proteins, mathematical modeling of Spire inhibition by the oligomers produced good fits at low concentrations of oligomers with K d = 5 nM. The fit was less satisfactory at oligomer concentrations near 100 nM, at which the heterogeneity of the oligomeric species and the above-mentioned filament fragility, whose behavior is highly prone to experimental fluctuations, become important and difficult to accurately model ( Figure S1C ). Upon transfection of XTC cells with human EGFP-tagged fulllength or Nt-Spire, both constructs were localized at the leading edge of the cells and appeared to be associated with the retrograde flow of actin filaments (Video S8). The association with the actin flow was transient, however, as most speckles can be traced for no longer than a few seconds, making it difficult to carefully evaluate their flow rate (41 ± 8 nm/s; n = 5; Video S8). Spire can associate with the minus ends of actin filaments upon their nucleation [25, 26] , with the plus ends upon positive and negative cooperation with other proteins [27] (Jaiswal et al., 2016, Mol. Biol. Cell, abstract), and even with sides on the filament leading to their severing [24] ; but which of the three events, or all, we observed in XTC cells is not clear. ACD decreased the number of observable speckles (Video S8), likely owing to dissociation of EGFP-Nt-Spire from F-actin, as only fluorescent proteins associated with large cellular structures (e.g., actin cytoskeleton) have a ''speckled'' appearance in SiMS as opposed to a blurred appearance of rapidly diffusing free proteins.
DISCUSSION
The actin cytoskeleton is a highly attractive target for many bacterial toxins, owing to its role in activation and locomotion of immune cells, secretion of humoral response factors, and maintenance of protective barriers at the cellular (sub-membrane cytoskeleton) and organ (cell-cell and cell-matrix contacts) levels. Furthermore, due to the low homology between eukaryotic actin and its bacterial counterparts, actin-targeting toxins are highly specific against hosts but benign for pathogens. On the other hand, the actin cytoskeleton would not appear to be an easy target due to actin's high abundance and the cells' ability to promptly adjust its levels in response to environmental [28] and pathogenic cues [29] .
In this study, we combined the precision and predictive power of biochemical assays, substantiated by mathematical modeling, with the quantitative analysis of the actin cytoskeleton dynamics in living cells achieved via SiMS microscopy to characterize the pathological mechanisms of the ACD family of toxins. These approaches allowed us to discover that the distortion of the actin cytoskeleton by the ACD-produced oligomers is more profound and multifaceted than previously appreciated. Particularly, the dynamics of mDia1 formin ( Figure 3 ) was severely inhibited at concentrations of the oligomers undetectable by western blotting (i.e., estimated to be below 1% of total actin; Figure 1B ) within 30 min of toxin addition to the medium, long before any morphological changes in the affected cells can be detected ( Figure 1A ). In addition to formins, several families of actin assembly factors containing WH2 domains were also inhibited by the nanomolar range of oligomer concentrations. The emergence of cellular effects for particular proteins correlated well with the in vitro data from TIRFM and bulk actin polymerization assays. Thus, cellular dynamics of mDia1 formin and Ena/VASP, which showed the highest apparent affinities for oligomers in functional assays ( app K d 2-5 nM for formins [13] and 3-6 nM for Ena/VASP; Figure 4) , were inhibited at earlier stages than that of the Arp2/3 complex, activation of which by N-WASP was inhibited in vitro with lower efficiencies ( app K d in 10-23 nM range; Figure 2O ). This lower potency likely stems from a fewer (than in formins and Ena/VASP) number of G-actin binding domains and, possibly, a less favorable geometry for oligomer binding to NPFs. Of note, depending on the involvement in a particular cellular process (i.e., remodeling of cytoplasmic [ Figures  2D-2F) . Given that the oligomers interact with NPFs rather than with the Arp2/3 complex ( Figure 2H ), the inhibition efficiency of the complex-controlled actin dynamics would likely vary by NPF, proportional to the number of G-actin binding domains they comprise. Thus, junction-mediating and regulatory protein (JMY), an NPF that regulates transcription in the nucleus and vesicle trafficking between the ER and trans-Golgi network [37-39], with its three WH2 domains, is likely to be inhibited more efficiently than N-WASP and WASP homolog associated with actin, Golgi membranes, and microtubules (WHAMM) (each containing two WH2 domains), which regulate endocytosis [40] and autophagosome formation [32], respectively. Furthermore, all these NPFs are likely to be more efficiently inhibited than single-WH2-domain NPFs WASP, WAVE, and WASP homolog complex (WASH), which are involved in endocytosis, cell migration, and endosomal trafficking (recently reviewed in [30] ). Notably, inhibition of many of these processes would be beneficial for pathogenic bacteria to interrupt migration, phagocytosis, and activation of immune cells; disrupt epithelial (D) Number of actin filaments formed in (C) was quantified from three independent experiments, expressed as mean ± SE (gray bars), and used to generate a relative inhibition curve (red) and obtain an apparent K d ( app K d ) as described in STAR Methods.
(E) Nucleation of pyrene-actin by Nt-Spire was inhibited by the indicated concentrations of the oligomers in bulk actin polymerization assay (see also Figure S1C ). (F) Inhibition of the Spire-mediated actin nucleation by the oligomers (F) was assessed from three independent experiments, expressed as mean values ± SD, and the apparent K d value ( app K d ) was calculated as described in STAR Methods. See also Video S8.
contacts; inhibit Golgi-dependent maturation of granules in immune effector cells and their release; and inhibit autophagy. By promoting bundling and processive elongation of actin filaments and inhibiting association of capping protein with filament barbed ends, Ena/VASP family proteins contribute to the dynamics of lamellipodia and filopodia [41] and maintenance of focal adhesions and tight junctions [42, 43] . Accordingly, shortly after cytoplasmic delivery of ACD, we observed ceasing of VASP dynamics at the leading edge ( Figures 4B and 4C) , major inhibition of filopodia formation, and VASP disconnection from the paxillin-marked focal adhesion contacts and actin stress fibers, accompanied by its partitioning into smaller clusters ( Figure 4D ). In cell contacts, Ena/VASP is an essential element of the mechanosensory machinery, enabling dynamic adjustments of actin filament lengths at the tips of contact-associated stress fibers [42, 43] . Dissociation of VASP coincided with the disruption of focal adhesion contacts to less organized, smaller aggregates that were poorly associated with actin stress fibers ( Figure 4D ). Given the highly promiscuous binding abilities of the oligomers, it is conceivable that, in such aggregates, VASP is linked by the oligomers to other multivalent actin-binding proteins (e.g., NPFs, formins, and Spire) [ To summarize, we demonstrated here that actin oligomers produced by ACD toxins from Vibrio and related bacterial species overcome an overabundance of their natural target (actin) and potently disrupt numerous actin-related processes by acting as universal multivalent inhibitors of oligomeric and tandemorganized G-and F-actin binding proteins.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture
The XTC fibroblasts from Xenopus laevis is a convenient model for live-cell imaging at the single-molecule level due to their tolerance to photo-damage accompanying image acquisition [49, 50] . XTC cells were cultured in 70% Leibovitz's L-15 medium (GIBCO) supplemented with 10% fetal bovine serum, L-glutamine, and penicillin-streptomycin at 23 C without CO 2 equilibration and confirmed to be mycoplasma-negative using Hoechst staining and fluorescence imaging. The cell line was obtained from Dr. Naoki Watanabe (Kyoto University, Japan) and has not been additionally authenticated.
METHOD DETAILS Cellular actin cross-linking by ACD
For the intracellular delivery of ACD, the Anthrax toxin (Atx) translocation system was used [54, 55] . The approach utilizes the protective antigen (PA) subunit of Atx, which, upon interaction with the Atx receptor present on the surface of many cell types, forms hexa-and heptamers. Oligomerization of PA drives interaction with another Atx component, lethal factor (LF), and internalization of the complex by endocytosis. The acidification of the endosome causes the PA oligomer to form a pore in the endosomal membrane, through which LF translocates into the cytosol. Importantly, non-enzymatic N terminus of LF (LF N ) being fused to a toxin of interest (e.g., LF N ACD; [12, 13]) confers the toxin delivery to the cytosol.
To this end, PA and Vibrio cholerae ACD fused to LF N (LF N ACD) were purified as previously described [13, 56] . XTC cells were treated with LF N ACD pre-mixed with PA (final concentrations: 1 nM LF N ACD, 2.5 nM PA). A catalytically inactive LF N ACD mutant EE1990/1992AA [13, 57] was used as a negative control. Following cell imaging at designated time points, cells were collected for western blotting. Accumulation of ACD-cross-linked actin species in XTC whole cell lysates was monitored by immunoblotting with pan-actin antibody ACTN05(C4) (1:1000; ThermoFisher Scientific) folllowed by anti-mouse antibody conjugated with HRP (1:10000; Sigma); signal was detected using chemiluminescent HRP substrate WesternBright Sirius (Advansta) in an Omega Lum G imager (Aplegen). The accumulation of ACD-cross-linked actin species was quantified from three independent replicates using a densitometry plug-in of the ImageJ software package [51] .
Live-cell single-molecule speckle (SiMS) microscopy EGFP-constructs under defective CMV promoter optimized for low levels of expression of fluorescent proteins [50] were a generous gift from Dr. Naoki Watanabe [17, 20, 22, 49, 50] , except for human full-length Spire and Nt-Spire (corresponding to aa 1-396), which were amplified by PCR from HeLa cells cDNA and cloned into EGFP-vector with the defective CMV promoter. Transfections of XTC cells were performed using TurboFect transfection reagent (ThermoFisher Scientific). The following day, cells were trypsinized and replated to minimize cell damage after transfection. For SiMS analysis, transfected cells were plated onto poly-D-lysine-coated coverslips (NeuVitro GG-25-1.5-PDL) in Attofluor cell chambers (ThermoFisher Scientific) and imaged using TIRF module on Nikon Eclipse Ti-E inverted microscope equipped with perfect focus system (Nikon) and iXon Ultra 897 EMCCD camera (Andor Technology). Photo damage to cells was minimized by restricting the illumination (10% of laser power) to a small area near the . On the boxplots, center lines show the medians; box limits indicate the 25th and 75th percentiles as determined; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; data points are plotted as circles. Average intensity projections and kymographs of time-lapse images were obtained using ImageJ Z-project and KymographBuilder plug-ins, respectively. For each construct, movie montages (Videos S1, S2, S3, S5, S6, and S8) showing a fragment of the same cell at various time points of ACD treatment were assembled using Multi Stack Montage plug-in. Cell edge dynamics was quantified using ImageJ by calculating the area change normalized to an initial cell edge length in four individual cells. To this end, the area enclosed between the cell contour lines at the beginning (0 s) and at the end (60 or 120 s) of measurement periods for each ACD treatment condition was determined and divided by the initial contour length at 0 s.
Immunofluorescence EGFP-VASP-transfected XTC cells were treated for 60 min with either active or inactive LF N ACD pre-mixed with PA as above, fixed with 4% paraformaldehide, permeabilized with 0.1% of Triton X-100 in PBS, stained with anti-paxillin (Bethyl), contra-stained with coumarin-phalloidin (Santa Cruz Biotechnology) and imaged using Nikon Eclipse Ti-E microscope.
Protein purification
Protective antigen B. anthracis PA was purified as previously described [56] . Briefly, protein was expressed in BL21(DE3)pLysS by IPTG induction for 4 h at 30 C. PA was purified from the periplasmic fraction on DE52 anion exchange resin (Sigma-Aldrich). LF N ACD LF N fusions of active ACD from V. cholerae, and its catalytically inactive mutant EE1990/1992AA (V. cholerae MARTX numbering; [57]) were purified as reported [13] . Expression in BL21(DE3)pLysS was induced by IPTG overnight at 15 C and proteins were purified using TALON metal affinity resin (Clontech) according to the manufactorer instructions. Actin Skeletal actin was prepared from acetone powder of rabbit (Pel-Freeze Biologicals) or chicken (Trader Joe's) skeletal muscle with no detectable differences in protein properties as previously described [58] using G-buffer (5 mM Tris-HCl, 0.2 mM CaCl 2 , 0.2 mM ATP, 5 mM b-mercaptoethanol [b-ME]) and multiple rounds of polymerization and depolymerization. Alexa 488-, tetramethylrhodamine-(TMR), and pyrene-labeled actins were prepared as previously described [13] from G-actin in G-buffer devoid of b-ME. Alexa 488-actin was prepared by labeling 2 mg/ml G-actin with 1.2 molar excess of Alexa Fluor 488-maleimide (ThermoFisher Scientific) for 4 h at 4 C, followed by dilution to 1 mg/ml and polymerization with 2 mM MgCl 2 and 100 mM KCl overnight at 4 C. Pryrene-actin was prepared by polymerizing 2 mg/ml G-actin with 2 mM MgCl 2 and 100 mM KCl at 25 C for 30 min and then diluted to 1 mg/ml in F-buffer (5 mM Tris-HCl, pH 8, 0.2 mM ATP, 0.2 mM CaCl 2, 1 mM MgCl 2 , 100 mM KCl). N-(1-pyrene)Iodoacetamide (ThermoFisher Scientific) was added to a final concentration of 40 mM and the labeling was carried out overnight with mixing at 4 C. Both, Alexa 488 and pyrene labeling were quenched with 10 mM b-ME and labeled actins were pelleted at 45,000 rpm in Ti-60 (Beckman Courter) for 90 min followed by three rounds of dialysis of the resulted pellets against G-buffer. TMR-actin was prepared by labeling 2 mg/ml G-actin with 1.5 molar excess of TMR-maleimide (ThermoFisher Scientific) for 4 h at 4 C, followed by centrifugation at 85,000 rpm for 30min in TLA100.3 rotor (Beckman Courter). To remove free TMR-maleimide, TMR-actin supernatant was passed through PD10 column (GE Healthcare) equilibrated with G-buffer containing b-ME. All labeled and unlabeled G-actins were further purified by size-exclusion chromatography on Sephacryl S200-HR (GE Healthcare), stored on ice in G-buffer and used within 4 weeks with a dialysis to G-buffer after two weeks of storage. ACD Ah Thermolabile ACD from Aeromonas hydrophila (ACD Ah ) was purified as previously described [45] . Expression in BL21(DE3)pLysS was induced by IPTG overnight at 15 C and ACD Ah was purified using TALON metal affinity resin by standard procedure. ACD-cross-linked actin oligomers Actin oligomers were prepared by mixing 20 mM G-actin with 10 nM ACD Ah in reaction buffer (5 mM HEPES, 0.2 mM ATP, 1 mM MgCl 2 ) at 10 C for 25 min. The reaction was terminated by heat-inactivation of ACD Ah at 42 C for 20 min. To polymerize uncross-linked actin, the concentration of MgCl 2 was then increased to 3 mM and the reaction was incubated at 25 C for 30 min. F-actin was pelleted by ultracentrifugation at 90,000 rpm for 30 min at 4 C in a TLA100 rotor (Beckman Coulter). The supernatant was supplemented with 1 mM ATP and the concentration of monomeric actin in cross-linked species was determined by Bradford assay (Bio-Rad) using monomeric actin as a standard without correcting for the heterogeneity of actin oligomer species. Inactivation of ACD and removal of uncross-linked actin were confirmed as described [13] . ACD-cross-linked actin oligomers were stored on ice and used within 7 days. EnaDL A recombinant construct of Drosophila melanogaster Ena protein lacking a linker region (aa 113-299; Figure 4E ) and SNAP-tagged EnaDL were prepared as previously described [23] . Briefly, proteins were purified using TALON cobalt resin (Clontech) in buffer A (50 mM NaH 2 PO 4 , 500 mM NaCl, 10% glycerol, 10 mM imidazole, and 0.5 mM PMSF), eluted in buffer B (buffer A supplemented to 250 mM imidazole), and stored in buffer C (20 mM HEPES, 1 mM EDTA, 200 mM KCl, 5 mM b-ME, 10% glycerol, and 0.1 mM PMSF). Labeling with SNAP-surface 549 (NEB) was conducted using standard procedure [19] . Nt-Spire A construct corresponding to the N-terminal part (aa 1-490) of D. melanogaster Spire ( Figure 5A ) was purified as previously described [46] using TALON metal affinity resin by standard procedure and stored in a buffer containing 50 mM Tris-HCl, pH 8, 2 mM DTT, and 50% glycerol. N-WASP-VCA GST-tagged construct corresponding to the C-terminal part (aa 422-505) of bovine N-WASP ( Figure 2G) , and murine C-terminally 6xHis-tagged N-WASP-VCA (aa 399-501) ( Figure 2I ) were purified on glutathione Sepharose (GE Healthcare) and TALON cobalt resin (Clontech), respectively, using standard methods [19, 47] . The latter construct contained an exogenous N-terminal Cys residue used for labeling with fluorescein-5-maleimide (ThermoFisher Scientific). Arp2/3 complex The Arp2/3 complex was purified from porcine thymus (Pel-Freeze Biologicals) as described [48] . Briefly, thymus was thawed and passed twice through a meat grinder in extraction buffer (20 mM Tris-HCl pH 7.5, 25 mM KCl, 1 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 0.2 mM ATP, 1 mM PMSF, 0.002 mg/mL leupeptin/pepstatin, 0.002 mm/mL trypsin inhibitor, 4 mM benzamidine). The extract was stirred for 30 min at 4 C, clarified by centrifugation, and filtered through synthetic wool (Pyrex). Potassium hydroxide was then added to adjust the final pH to 7.5 and the sample was further clarified by centrifugation. The Arp2/3 complex was applied on glutathione Sepharose resin with pre-bound GST-tagged N-WASP-VCA. The resin was then extensively washed with the extraction buffer followed by successive washes of 10 column volumes with buffer 1 (20 mM Tris-HCl pH 7.5, 100 mM KCl, 1 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 0.2 mM ATP, 0.1 mM PMSF), buffer 2 (20 mM Tris-HCl pH 7.5, 25 mM KCl, 100 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 0.2 mM ATP, 0.1 mM PMSF), and buffer 3 (20 mM Tris-HCl pH 7.5, 1 M KCl, 1 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 0.2 mM ATP, 0.1 mM PMSF). Purified Arp2/3 complex was dialyzed for 16 h at 4 C into storage buffer (10 mM imidazole pH 7, 25 mM KCl, 1 mM MgCl 2 , 0.1 mM ATP, 1 mM DTT, 0.1 mM PMSF) and flash frozen in liquid nitrogen. Protein concentration was determined using the extinction coefficient ε 290 = 139,000 M -1 cm -1 [59] . Profilins Human profilin-1 (PFN1) and Drosophila profilin (chickadee) were purified as previously described [13, 23] . PFN1 was bound to a poly-L-proline Sepharose resin, eluted under denaturing conditons, and dialyzed against three buffer changes of storage buffer (2 mM Tris-HCl, pH 8.0, 0.2 mM EGTA, 1 mM DTT, 0.1 mM PMSF).
Native polyacrylamide gel electrophoresis (PAGE)
For native PAGE analysis, proteins of interest were pre-incubated in G-buffer at 25 C for 30 min, mixed with a non-reducing, nondenaturing sample buffer, and immediately loaded to 9% native PAGE gels devoid of SDS and supplemented with 0.2 mM Ca 2+ and 0.2 mM ATP (for actin stability). The native PAGE running buffer (25 mM Tris-HCl, 192 mM glycine) was supplemented with 0.2 mM Ca 2+ and 0.2 mM ATP, and the gels were electrophoresed at 4 C.
Fluorescence polarization
Fluorescein-labeled N-WASP-VCA (50 nM) in G-buffer was titrated with increasing concentrations of G-actin or ACD-cross-linked actin oligomers. Fluorescence polarization was recorded at l ex = 470 nm and l em = 519 nm on an Infinite M1000 Pro plate reader (Tecan).
Total internal reflection fluorescence microscopy (TIRFM)
All TIRFM experiments were performed as previously described [13, 60] . Briefly, Alexa 488-or TMR-labeled skeletal actin (final concentration 1.5 mM; 33% labeled) in G-buffer was supplemented with 0.1 mM Mg 2+ and 0.4 mM EGTA and incubated for 2 min. Actin was added to actin-binding proteins and ACD-cross-linked actin oligomers in the following buffer: 10 mM imidazole, 50 mM KCl, 50 mM DTT, 1 mM MgCl 2 , 1 mM EGTA, 0.2 mM ATP, 50 mM CaCl 2 , 15 mM glucose, 20 mg/mL catalase, 100 mg/mL glucose oxidase, 3% glycerol, and 0.5% methylcellulose-400cP (Sigma Aldrich), pH 7. For the Arp2/3 complex and Spire experiments, samples were flowed into NEM-myosin-treated flow chambers immediately upon mixing [13] . Images were collected every 5 s with TIRF illumination using a Nikon Eclipse Ti-E microscopes equipped with DS-QiMc camera (Nikon). For two-color TIRFM, Alexa 488-actin (1.5 mM; 33%) was mixed with Arp2/3 (40 nM) and GST-N-WASP-VCA (80 nM) in the absence or presence of actin oligomers (320 nM) and polymerized in the NEM-myosin-treated flow chamber. TMR-actin (1.5 mM; 33%) was flowed into the chamber alone, with oligomers, or with Arp2/3-N-WASP-VCA complex, replacing the Alexa 488-actin and the partner proteins. For SNAP-EnaDL single-molecule TIRFM experiments, the protein mixtures with Alexa 488-labeled actin (1.5 mM; 15%) were flowed into mPEG-Silane (5,000 MW) coated flow chambers and images were collected every second with an iXon EMCCD camera (Andor Technology) using an Olympus IX-71 microscope fit with through-the-objective TIRF illumination. In both settings, filaments were manually tracked and measured using ImageJ software.
Pyrenyl-actin polymerization assays Actin polymerization assays were carried out as previously described [13] . Briefly, pyrene-labeled, gel-filtered Ca 2+ -actin (5% labeled; 2.5 mM final concentration) was pre-incubated with EnaDL, Nt-Spire, or GST-N-WASP-VCA and Arp2/3 complex in the presence or absence of profilin and varying concentrations of actin oligomers (0-750 nM) in reaction buffer (10 mM MOPS pH 7.0, 0.2 mM ATP, 0.5 mM DTT). Ca 
QUANTIFICATION AND STATISTICAL ANALYSIS Quantification
Relative inhibition of Nt-Spire by oligomers in TIRFM experiments. In Nt-Spire TIRFM experiments, number of forming filaments was counted and relative inhibition of Spire-mediated nucleation by oligomers was calculated as:
where I -relative inhibition, C X -number of filaments formed in the presence of Spire at a given oligomers concentration, and C 0 -number of filaments formed in the presence of Spire without actin oligomers. The relative inhibitions were then fit using Origin software (OriginLab) to the binding isotherm equation:
where I -relative inhibition, I max -maximum change in inhibition, P -concentration of functional units of a protein of interest (i.e., Nt-Spire in this case), X -concentration of cross-linked actin oligomers, K -the apparent inhibition constant ( app K d ).
Relative inhibition of actin-regulating proteins by oligomers in bulk pyrene-actin polymerization assays. Inhibition of EnaDL-mediated polymerization by actin oligomers was assessed by determining the tangent slope of each fluorescence trace at 50% of fluorescence maximum (slope from 40%-60%) and fitting the slopes to a binding isotherm (Equation 2), where I -the observed change in the tangent slope at 50% of fluorescence maximum and I max -the maximal change in slope from pyrene fluorescence trace of EnaDL-mediated actin polymerization in the absence of oligomers (with or without PFN1) in each independent experiment. Inhibition of Spire-mediated actin nucleation by the oligomers was measured as described [61] . Briefly, the points from 5%-20% maximal fluorescence of each pyrene fluorescence trace were fit to a quadratic equation:
where A is dependent upon the nucleation rate, B is dependent upon the number of barbed ends and C is dependent upon the concentration of filamentous actin. By using initial points where few filaments have formed, the values for B and C are considered equal to zero. The nucleation rate (NR 0 ) is then determined using the following equation:
where k + is the rate at which the barbed ends of rabbit actin elongate at room temperature (11.6 mM -1 s -1 ), k -is the rate at which rabbit actin shrinks at room temperature (1. 
Statistical analysis
Data from in vitro TIRFM, fluorescent polarization, and pyrene actin polymerization assays were obtained from at least three independent experiments and expressed as the mean ± standard deviation of the mean (SD). Fraction of cross-linked actin was quantified and expressed as mean values ± standard error of the mean (SE) from three independent replicates of the cell lysate immunoblots stained for pan-actin. For live-cell SiMS analysis of each studied construct, transfections followed by the ACD-treatment were repeated three times with similar results. Cell edge dynamics was quantified in four individual cells for each condition. Speckle analysis was conducted for an individual cell in each experiment for all time points to ensure the identical conditions and to assess the effects of the ACD toxicity in real time. Unpaired Student's t test was used to determine statistical significance using Microsoft Excel and Origin software. Differences were considered significant with a p value < 0.05. There were no data exclusions and the minimum sample size was chosen to satisfy the requirement for differences between the conditions to be highly significant (i.e., p values are much less than 0.05).
Modeling of actin filament nucleation and elongation in the presence of actin oligomers We developed ordinary differential equations models to describe actin polymerization with the Arp2/3 complex, Ena/VASP, or Spire in the presence of oligomers ( Figure S1 , Table S1 ). These models provide support for the proposed inhibition mechanisms as well as estimates of oligomer binding affinities to their targets. We focused on the mechanisms in the absence of profilin.
All models include spontaneous nucleation and elongation of actin filaments involving the formation of a trimer [63] with rate constant k nuc A determined by fitting the model results in the absence of oligomers to experiments [13] . Free actin filament elongation at the barbed end occurs with rate constant k + A . We neglect the pointed end and actin filament depolymerization. Thus, we do not account for the final presence of $0.1 mM of unpolymerized actin out of the total A tot = 2.5 mM used in the experiments in the absence of profilin.
Oligomers are assumed to incorporate at free barbed ends at concentration B with rate constant k + O . Polymerized oligomers induce severing, resulting in the formation of a new barbed end, with rate constant k sev O . Including this reaction leads to better fits to the experimental curves, depending on the value of the product k
. Spontaneous filament fragmentation with rate k frag of order the value estimated in prior works [64, 65] improves the fits to the data at long times [13] .
The parameter values for all models are shown in Table S1 . The equations were integrated numerically with the EulerRichardson integration scheme with a time step 0.5 s or smaller. The results in the graphs of Figure S1 report the polymerized fraction, (A tot -A unpol )/A tot , versus time, where A unpol is free actin. Oligomer inhibition of Arp2/3 complex nucleation The side-branch nucleation complex that involves the Arp2/3 complex, VCA and actin monomers on the side of a mother filament can form via multiple pathways [18, [66] [67] [68] . Here we focus on one pathway that is sufficient for a good fit to the data in this paper. We assumed that free Arp2/3 complex binds to GST-tagged N-WASP-VCA dimers with dissociation constant K d Arp23ÀVCA . This is followed by binding of one and then two actin monomers to form Arp2/3-VCA-actin 1 and Arp2/3-VCA-actin 2 complexes, each with K d Arp23ÀVCAÀactin . We used binding affinities and association/dissociation rate constants for these processes from prior work [67] . Arp2/3 complex nucleates daughter filaments with low probability per mother filament association [68] , a process that we represent with a rate proportional to the concentrations of the Arp2/3-VCA-actin 2 complex and F-actin, with rate constant k branch . VCA was assumed to fall off the nucleated branch, though our results do not depend on this assumption. The branching rate constant was fit to match the polymerization curve in the absence of oligomers. Finally, we assume oligomers bind to Arp2/3-VCA or Arp2/3-VCA-actin 1 
with K d
Arp23ÀVCAÀO resulting in complexes that do not participate in branch formation. The Arp2/3 complex may also nucleate new barbed ends at a slow rate without a mother filament [67] . However this process is slow for the concentrations of Arp2/3 complex used in this work and not needed for a good fit; hence we did not include this reaction in the model.
The following differential equations together with mass conservation describe the evolution over time, where: k indicates rate constants; the concentrations of free Arp2/3 complex, VCA and their complexes are Arp free , VCA free , ArpVCA, ArpVCAactin 1 
We find that good fits to the data is obtained with Figure S1A , Table S1 ). The oligomerinduced severing rate (product k . Ena-associated barbed ends were assumed to polymerize actin three times faster than free barbed ends [23] . Ena/VASP has been observed to nucleate actin filaments using the pyrene actin polymerization assay in vitro, even though this is not a property expected to occur in vivo [21] . We adjusted a nucleation rate constant k nuc Ena to fit the polymerization curve in the presence of EnaDL, assuming the nucleus is a complex of one Ena and two actin monomers.
Oligomers slow down Ena-mediated polymerization beyond that of actin alone, indicating conversion of Ena to a capper. We thus incorporated in the model the binding of an EnaDL tetramer to an oligomer in the bulk with equilibrium dissociation constant K 
BÀEna . Another feature of the pyrene polymerization curves in the presence of Ena and oligomers is the acceleration of polymerization as the concentration of oligomers increases above 50 nM. We modeled this effect as being due to the binding of up to four oligomers to EnaDL tetramers in the bulk. We assume that complexes with two bound oligomers associate with the barbed end, similar to complexes with one bound oligomer and satisfying a similar detailed balance condition; by contrast, complexes with three or four bound oligomers do not associate to the barbed end, thus sequestering EnaDL-oligomer cappers in the bulk at high oligomer concentrations.
The following differential equations together with mass conservation describe the evolution of concentrations over time, where: concentrations of bulk free Ena and its complexes with oligomers are Ena free , EnaO, EnaO 2, EnaO 3, EnaO 4 ; concentration of Enabound barbed ends are BEna, BEnaO, BEnaO 2 ; concentrations of free and polymerized oligomers O free and O pol ; ratios of dissociation and association rate constants correspond to the equilibrium dissociation constants defined above: 
In Equations (19-22) we assume the binding rate constant of oligomers to Ena-oligomer complexes in the bulk is reduced with increasing size of the complex (Table S1 ). The rate constants of oligomer dissociation from Ena in the bulk increase in proportion to the number of bound oligomers. These two trends correspond to an increase of the equilibrium oligomer dissociation constant with increasing number of Ena-bound oligomers. It is the value of this dissociation constant and not the value of the individual bulk rate constants that matter in the simulated curves. The above equations describe the qualitative and most quantitative features of the experimental data using K d OEna = 2 nM, an affinity of oligomers for an Ena-bound barbed endsK Table S1 ). The dissociation constant of Ena bound to two oligomers to the barbed end was K d B½EnaO2 = 2.5K d B½EnaO . The observed behavior involves three regimes: (1) speed-up of polymerization by Ena (compared to pure actin), (2) reduction of Ena-mediated polymerization below that of pure actin with increasing oligomer concentration up to 50 nM, (3) speed-up of polymerization with oligomer concentrations above 50 nM, still remaining below that of pure actin. The simulations reproduce these three regimes. We note that the rate constants describing complexes of Ena with multiple oligomers cannot be uniquely determined by the fits.
Oligomer inhibition of Spire-mediated nucleation
We simulated the effects of Spire by assuming it contributes to filament nucleation through a complex of two Spire and four actin monomers, with rate constant k nuc Spire (a model with a single Spire as nucleator gave similar though somewhat worse fits). Nucleated filaments are assumed to polymerize as filaments with free barbed ends and Spire is assumed to fall off the pointed end of the nucleated filament. Oligomers inhibit nucleation by binding to and inactivating Spire with dissociation constant K Figure S1C , Table S1 ).
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